Silver-gray tourmaline fibers intergrown with a deep pink elbaite host from the Cruzeiro mine, Minas Gerais, Brazil, provide evidence for the compositional evolution of magmatic and hydrothermal fluids involved in pegmatite formation. Optical and back-scattered electron imaging, together with detailed microanalysis, establish that the fibers, 0.05-0.3 mm in width, are complexly zoned and developed in four distinct generations marked by discrete compositions and replacement textures. Fiber growth is punctuated by periods of dissolution. The first generation, preserved in the fiber interior, is a dark blue foitite; the blue-gray second generation varies from Fe-rich elbaite to Li-rich schorl, and the third generation is a yellowish-green "fluor-elbaite". Volumetrically the most abundant, generation-three fibers poikiloblastically replace the earlier generations as well as the host. A fourth generation of fibrous tourmaline fills fractures that cut all previous generations and the host, but is unrelated to growth of the previous fibers. Compositionally, last generation is indistinguishable from the second-generation Li-rich schorl fibers. Textural and compositional discontinuities of each generation record periods of stability followed by reaction(s) in which the tourmaline was initially unstable, partially dissolved owing to interaction with fluids, and then redeveloped in response to interactions with evolving orthomagmatic or hydrothermal fluids. The general progression of the first three generations implies that reacting fluids were generally undergoing fractionation, becoming successively enriched in Na, Li, Ca, and F during late crystallization of the pegmatite. The composition was reset to a Li-rich schorl during late-phase fracturing. Crystal-chemical constraints such as F -X-site vacancy avoidance control part of the compositional variability observed. In this multistage tourmaline sample, individual fibers exhibit the most chemically complex compositions yet recorded, and reflect the dramatic complexity of fluid evolution involved in their crystallization.
INTRODUCTION
The tourmaline group is characterized by extensive chemical substitutions, and thus compositionally diverse members. This chemical complexity makes tourmaline a valuable indicator of changes in its local chemical environment. In addition, it is a relatively stable mineral that preserves much of the textural and chemical signatures of earlier periods of growth. Consequently, tourmaline is exceedingly useful for tracking the compositional evolution of igneous and metamorphic rocks, and can often serve as a monitor of fluid infiltration. Numerous studies have demonstrated the utility of tourmaline in these environments as a petrogenetic indicator mineral (e.g., Henry & Guidotti 1985 , Henry & Dutrow 1992 , Dutrow et al. 1999 , London 1999 , and many others).
Although tourmaline commonly exhibits a prismatic morphology, it is also one of the nearly 400 minerals that form fibers sensu stricto (Skinner et al. 1988) . Fibrous tourmaline has long been recognized, but there are relatively few studies that define its composition, and even fewer that investigate its petrogenetic potential. Many examples of fibrous tourmaline develop in granitic pegmatites, a geological environment noted for evolving fluids. These occurrences provide an opportunity to investigate the composition of tourmaline fibers in a changing environment of growth and to evaluate their utility in monitoring this environment.
A detailed micro-analytical investigation was undertaken on a sample from the Cruzeiro mine, Governador Valadares, Minas Gerais, Brazil, in order to chemically characterize the fibrous tourmaline, to define the complexity of zoning present in single fibers, to provide information on growth history of the fibers, and to evaluate the role of tourmaline as a monitor of fluid evolution in pegmatitic environments.
BACKGROUND INFORMATION
The general formula for tourmaline can be expressed as XY 3 Z 6 (T 6 O 18 )(BO 3 ) 3 V 3 W (Hawthorne & Henry 1999) . The relatively large X site contains Na, Ca, K, and vacancies ( X Ⅺ); the two distinct octahedral sites, Y and Z, are occupied by a variety of divalent, trivalent and tetravalent cations, and Si with lesser Al dominates the tetrahedrally coordinated T site. The triangular B site is occupied exclusively by B, whereas the two anionic sites, V and W, contain OH -, F -and O 2-. Of particular importance to the proper classification of tourmaline is the fact that F exclusively enters the W site, and O 2-tends to partition into this site. In turn, the presence of dominant O 2-in the W site mandates local order in the distribution of cations at the Y and Z sites (Hawthorne 1996) . The chemical diversity and structural requirements of tourmaline produce a large number of possible end-member species that have recently been reclassified in accordance with current knowledge of element partitioning among tourmaline sites (Hawthorne & Henry 1999) . Fibrous tourmaline falls into several of these categories. Table 1 summarizes the end-member species that are most important for this investigation.
Earlier investigators of fibrous tourmaline referred to them by various descriptive names such as "bugs nest", "whiskers", "filiform", "mountain leather" or "tourmaline asbestos" (e.g., Coelho 1948 , Bantly 1964 , Mitchell 1964 , Furbish 1968 , Novák & Ž ák 1970 , Dietrich 1985 . Fibrous tourmaline has been shown to nucleate on a wide variety of substrates in many of geological settings. For example, fibrous tourmaline has been found associated with coarse-grained elbaite and schorl in miarolitic cavities in granitic pegmatites (e.g., Bantly 1964 , Novák 1998 , with quartz veins cutting schists, gneisses, or pegmatites (e.g., Rama Swamy & Iyengar 1937 , Mitchell 1964 , Novák & Ž ák 1970 , Š rein et al. 1997 , within tourmalinized vugs in low-grade pyrophyllite deposits (Furbish 1968) , as patches in altered and mineralized volcanic rocks (e.g., Foit et al. 1989) or, most commonly, as fracture fillings in previously broken tourmaline crystals, where the fibers act as a sealing agent (e.g., Mitchell 1964 , Lyckberg & Hawthorne 1997 . Typically, the fibers are distinctly different in color than the host tourmaline; in some cases, they exhibit a color change over the length of the fiber that reflects compositional variation (e.g., Pezzotta et al. 1996) .
In one of the earliest studies, Iyengar (1937) used wet-chemical techniques to show that the fibrous to semi-fibrous tourmaline from an undefined locality in Mysore State corresponds to alkali-deficient, aluminous schorl. Novák & Ž ák (1970) found that white asbestiform tourmaline from a quartz vein cutting graphite schist is dravite with Mg/(Mg + Fe) = 0.95. Hyalophane, magnesian chlorite and pyrite, reflecting a local Mg-rich environment, accompany this asbestiform dravite.
More recently, investigators have begun to characterize the compositional variability developed in fibrous tourmaline. Foit et al. (1989) described fibrous zoned tourmaline associated with dumortierite in altered volcanic rocks as alkali-deficient schorl to foitite. Š rein et al. (1997) found that hair-like tourmaline occurring in late hydrothermal quartz veins is oscillatorily zoned Ferich dravite with significant amounts of Ca and Ti. Modreski et al. (1997) established that acicular to fibrous tourmaline from the Brumado magnesite deposit in Brazil has a range of compositions from dravite to uvite to magnesiofoitite. Novák (1998) characterized fibrous blue dravite that forms a subsolidus reactant at the margins between Li-poor pegmatites and Ca-, Mgrich rocks such as marbles and serpentinites in the Moldinubicum, Czech Republic. Pezzotta et al. (1996) noted that in a pegmatite pocket from Elba, tourmaline fibers nucleated exclusively at the analogous pole of the elbaite-schorl substrate, where they crystallized into miarolitic cavities of the pegmatite dike, a growth pattern that suggests a genetic relationship between the fibers and late-stage fluids. These fibers are unzoned, alkali-deficient and Fe-Al-rich, and classified as foitite (Ⅺ 0.63 Aurisicchio et al. (1997) described similar fibers of X-site-deficient schorl and foitite nucleating on the analogous poles of coarse elbaite-olenite crystals from other bodies of pegmatite on Elba, and attributed fiber development to growth during late-stage fluid evolution, and to fluid infiltration associated with subsequent fracturing. Lyckberg & Hawthorne (1997) found dark orange-brown fibers of tourmaline associated with quartz, albite, muscovite, beryl and garnet in a gem pegmatite from the Alabashka Pegmatite Field, Ural Mountains, Russia. These fibers also have a foitite composition, and are related to the latest stage of pegmatite pocket formation.
GEOLOGY OF THE TOURMALINE-BEARING PEGMATITE
The fibrous tourmaline sample used in this study is from the Cruzeiro granitic pegmatites of Minas Gerais, Brazil (R. Van Wagoner, pers. commun.) . This worldfamous locality has produced gem-quality elbaite crystals and sheet muscovite (Cassedanne et al. 1980) . The deposit consists of three subvertical dikes of granitic pegmatite that have sharply defined contacts with the host quartzite of the Serra da Safira sequence (Federico et al. 1998) . The dikes, ranging from 8 to 60 meters wide, exhibit symmetrical mineralogical, textural and chemical zoning around a quartz core. The mineralogical and textural zonation consists of a border zone, wall zone, intermediate zone, pockets and a core zone. Mineralogically, the pegmatite is comprised predominantly of quartz, feldspar, muscovite and tourmaline, with minor beryl, almandine garnet and niobotantalates at the border zone and spodumene, lepidolite, amblygonite, spessartine garnet and beryl at the intermediate zones and pockets (Cassedanne et al. 1980 , Federico et al. 1998 . With the exception of minor garnet, no other ferromagnesian minerals appear to develop coevally with tourmaline. Many of the minerals in the pegmatite exhibit warping or fracturing (Cassedanne et al. 1980) . Tourmaline is typically black at the border zone of the pegmatite and becomes color-zoned to green, green-blue and pink in the intermediate zones and pockets. Cassedanne et al. (1980) described massive deep rose to red elbaite locally with "asbestos-like" tourmaline in the pockets (see their 
Al and
X Ⅺ increase, and Mn and F decrease toward the rim. Federico et al. (1998) considered the compositional trends of the tourmaline to reflect the chemical evolution of the pegmatite melt-fluid system.
CHARACTERIZATION OF THE SAMPLE
The sample of fibrous tourmaline consists of abundant silver-gray tourmaline fibers aligned parallel to the c axis of the host pink tourmaline crystal (Fig. 1) . The fibers are typically 0.05-0.30 mm in width and 5.0-20.0 mm in length. Locally, the host and fibers are cut by fractures that contain a later generation of dark gray fibrous tourmaline. Nucleation points for the fibers are along the margin of the pink tourmaline, or at fractures where reactive fluids gained access to the crystal.
Analytical techniques
Thin sections were made both parallel and perpendicular to the c axis of the fibers in order to establish the textural and chemical relationships between the fibers and the pink tourmaline host. Optical and back-scattered electron (BSE) imaging establishes the complex nature of these fibers (Figs. 2-4). These images, in turn, were used as a base map for the position of detailed microanalyses.
Electron-microprobe analyses were done on the fibers and the host tourmaline by wavelength-dispersion spectrometry (WDS) using an automated JEOL 733 electron microprobe at Louisiana State University. Analytical conditions were: accelerating potential 15 kV, and beam current 5-10 nA, 1-2 m focussed electron beam. Well-characterized synthetic and natural silicates were used as standards. Energy-dispersion scans were done initially to define the important elements present in the tourmaline (with Z ≥ 5). Tourmaline was quantitatively analyzed for K, Na, Ca, Fe, Mn, Mg, Ti, Al, Si, F, and Cl. The data were corrected on-line using a modified Bence-Albee correction procedure. On the basis of replicate analyses of several secondary standards, the analytical precision associated with counting statistics three B cations in the structural formula was calculated from stoichiometry constraints (e.g., Hawthorne 1996 , Bloodaxe et al. 1999 . (2) The structural formula is based on a normalization scheme such that the proportion of Si equals 6 atoms per formula unit (apfu). This assumption, although likely not valid for tourmalines in general, is a reasonable assumption in this case. On the basis of a large number of high-quality wet-chemical analyses, Povondra et al. (1985) demonstrated that data for elbaite from a variety of granitic pegmatites cluster very close to 6 Si apfu. Furthermore, a number of complete analyses (including B, Li, H analyses) of the elbaitic tourmalines from the Cruzeiro pegmatites confirm that Si ≈ 6.0 apfu is a reasonable assumption (Federico et al. 1998) . (3) Li was estimated by subtracting the sum of the Y-site cations from 3, i.e., assuming no vacancies in the octahedral sites (Henry & Dutrow 1996) . This assumption is supported by complete chemical data obtained for other tourmalines from Cruzeiro, in which the Y sites are typically completely filled (Federico et al. 1998) . (4) Fe tot is assumed to be essentially all Fe
2+
. The minor optical pleochroism present in all generations of tourmaline suggests that the Fe is mostly in a single oxidation state (e.g., . Determinations of Fe oxidation states in tourmalines from other pegmatite occurrences suggest the general dominance of ferrous over ferric iron (e.g., Povondra et al. 1985 , Dyar et al. 1998 , Federico et al. 1998 . (5) An estimate of the maximum H content is made by cation charge-balance calculations (see Henry & Dutrow 1996) . If some of the iron is actually in the ferric state, the H estimate is reduced. This estimate of H, and consequently the estimate of W-site O 2-, is subject to a large uncertainty because it reflects a combination of errors associated with assumptions regarding normalization and the sum of analytical uncertainties of all measured elements. Nonetheless, this exercise is useful because one can place general limits on the W-site occupancy, rather than simply assume a composition in terms of the F-OH binary (cf. Henry & Dutrow 1996) . (6) F is assumed to be exclusively accommodated in the W site, and any O 2-in the V and W sites is preferentially partitioned in the W site (Hawthorne & Henry 1999) .
RESULTS
Growth and chemical complexity of the tourmaline fibers was initially indicated by optical properties observed in thin sections cut parallel and perpendicular to the fibers. In thin sections parallel to the fiber axis, the fibers are patchy blue to yellowish green in plane light, in contrast to the colorless host (Figs. 2, 4) . The five generations of tourmaline are in optical continuity, with fiber growth parallel to the c axis of the host. Nucleation sites of the fibers are exclusively along the margins of the host, or within fractures.
Thin sections cut perpendicular to the fibers more clearly reveal their developmental history, as defined by distinct color-zones and cross-cutting relations (Fig. 3) . Four distinct textural and compositional types comprise the fibrous tourmaline. In plane light, generation-1 tourmaline is peacock blue at maximum absorption, generation 2 is lighter blue, generation 3 is yellowish green, and generation 4 is blue. Relative growth relationships among the different generations are also distinct in BSE images (Fig. 4) . Each succeeding generation partially cannibalizes and replaces the preceding generation(s) (Figs. 2, 3) . A fourth generation of tourmaline cuts all previous generations remaining in optical continuity and is related to late fracture-filling event (Fig. 4) .
The four generations of fiber growth, with their distinct colors and textures, generally have markedly different compositions. Chemical analyses indicate that all generations belong to either the alkali or vacancy-dominant series (Table 2 , Fig. 5a ). Classification on the basis of the W-site anion occupancy is more problematic because of uncertainty in the inferred amounts of H, but, on average, the host is part of the oxy-subgroup, generations 1, 2 and 4 are in the hydroxy-subgroup, and generation 3 is in the fluor-subgroup (Fig. 5b) . The magnitude and types of additional compositional changes documented subsequently reveal information about the changing chemical environment during growth of the tourmaline. Compositional trends within and between these generations were deduced on the basis of numerous plots of chemical data; only a selected subset is shown here.
Host
The average composition of the host is (Na 0.54 Ca 0.06 1, 2, Figs. 5, 6 ). However, owing to the significant proportions of X-site vacancies and F, and the roughly 1:2 ratio of Li to Al, there is almost 50% of the rossmanite component in solid solution with the "oxy-elbaite". Occurrence of this roughly binary mixture of end-member components is consistent with the supposition that owing to local bondvalence constraints, an "oxy-elbaite" tourmaline endmember is unlikely to be stable, but nevertheless can exist as a mixture with other tourmaline components up to a level of about 50% (Hawthorne 1996) . The presence of significant Mn (0.12 apfu) and the paucity of Fe and Ti are largely responsible for the deep pink color of the elbaite (cf. Fritsch & Rossman 1987) .
The elbaite host displays relatively minor compositional variability (Table 2, Figs. 7, 8) . The most important elemental ranges involve Al (7.69-8.19 apfu) and F (0.25-0.44 apfu) (Fig. 8) . Because Al is the dominant measured Y-site cation, calculated Li values are positively correlated with Al. This correlation is most consistent with the exchange vector [Li(OH) 2 ](AlO 2 ) -1 (cf. Burt 1989) .
Generation 1
The generation-1 tourmaline fiber, characterized by irregular peacock blue patches in the fiber interior (Figs. 2-4) , has a dramatically different composition than the host (Figs. 5-8 Figs. 5,  6 ). Relative to the host, the generation-1 tourmaline is enriched in Fe (1.48 apfu), OH (0.80 apfu) and X-site vacancy (0.27 apfu) and depleted in Al (0.87 apfu), Li (0.70 apfu), O (0.44 apfu), F (0.36 apfu), and Na (0.22 apfu). The compositional transition from the host to the first-generation fiber can be primarily described in terms of the exchange vectors Fe 2 (LiAl) -1 and OH(F) -1 (Figs.  7a, b) .
This first generation of fibrous growth exhibits moderate compositional variability. Among the elements sought, the greatest ranges are observed for Al (6.81-7.35 apfu), Fe (1.35-1.76 apfu) and Na (0.18-0.42 apfu: Figs. 5-8). Comparable variability is developed in calculated Li values (0.00-0.34 apfu) and X-site vacancies (0.57-0.81). Consequently, compositional heterogeneity of the first generation of fiber is best described by the exchange vectors NaLi(ⅪFe) -1 and [Li(OH) 2 ] (AlO 2 ) -1 (Figs. 7a, b, 8a) . A notable feature in this generation of alkali-deficient tourmaline is the paucity of F in an environment that was otherwise F-rich (Fig. 8b) . The composition of this early-formed tourmaline fiber is similar to that of fibrous foitite described from other pegmatite localities (e.g., Pezzotta et al. 1996 , Aurisicchio et al. 1997 . The host is restricted to the "oxy" subgroup, generation-3 tourmaline is confined to the fluor-subgroup, and generations 1 and 2 span the "hydroxy" and "oxy" subgroups. Amounts of OH and O calculated in the W site are susceptible to significant uncertainty (see section on analytical techniques).
Generation 2
The second generation of fibrous tourmaline, developed as blue-gray patches that locally cross-cut and replace generation-1 tourmaline, is compositionally distinct from the latter. With an average composition of (Na 0.60 Ca 0.04 (Fig. 6 , Table 2 ). Relative to generation-1 tourmaline, the average composition is enriched in Li (0.43 apfu), Na (0.28 apfu), and F (0.23 apfu) and depleted in Fe (0.42 apfu), X-site vacancies (0.32 apfu), O (0.13 apfu) and OH (0.11 apfu). Changes from generation 1 to generation 2 are most consistent with operation of the exchange vectors NaLi(ⅪFe) -1 and F(OH) -1 (Figs. 7a, b ) similar to general evolutionary trends developed in many pegmatite systems (e.g., London 1999) .
The amount of compositional variability of generation-2 tourmaline is similar to that observed within generation-1 tourmaline. Among the elements sought, the greatest ranges include Al (6.85-7.25 apfu), F (0.11-0.47 apfu), Fe (0.86-1.25 apfu) and Na (0.50-0.66 apfu) . Comparable variability is developed in the calculated Li values (0.29-0.78 apfu) and X-site vacancies (0.21-0.48). Variability within generation-2 tourmaline is best described by the exchange vectors NaLi(ⅪFe) -1 , (Li(OH) 2 )(AlO 2 ) -1 and F(OH) -1 (Figs. 7a,  b, 8a, b) .
Generation 3
The third generation is a yellowish to olive green poikiloblastic tourmaline that replaces earlier generations of fibers as well as the host, and is compositionally distinct from all other generations. Generation-3 tourmaline has an average composition of (Na 0.69 Ca 0.20 X Ⅺ 0.11 ) (Li 0.93 (Figs. 5, 6 , Table 2 ). It is the most F-rich of the four generations of fiber, reaching nearly a full complement of F atoms in the W site FIG. 6 . Classification of the host tourmaline and Generations 1 to 4 fibers. Lines dividing the diagram represent 50% of the end-member components. The host falls within the elbaite field but, on the basis of the dominance of O in the W site, it is best classified as an "oxy-elbaite". Generation-1 tourmaline falls entirely in the foitite field. Generations 2 and 4 fall on the boundary between elbaite and schorl and are, on average, hydroxytourmalines, and can be classified as Fe-rich elbaite to Li-rich schorl. Generation-3 tourmaline, in the F-subgroup, falls within the elbaite field and is best termed a "fluorelbaite". The dashed arrow represents the general compositional trend followed by fibers of generations 1 to 3.
( Fig. 8b) . It is also the most Fe-poor of the four generations (Figs. 7a, b, 8a, b) , and contains a nearly filled X site, having substantial variability with respect to Ca and Na (Figs. 5, 7b ). The constant but low X-site vacancy is commensurate with an increase in F (Figs. 5, 7b, 8b ). Relative to generation-2 tourmaline, the average generation-3 composition displays an increase in F (0.37 apfu), Li (0.32 apfu), Ca (0.15 apfu), Na (0.08 apfu), and O (0.15 apfu) and a decrease in OH (0.52 apfu), Fe (0.30 apfu), and X-site vacancy (0.23) (Figs. 5-8 ).
These general changes from generation 2 to generation 3 are most consistent with the exchange vectors NaLi(ⅪFe) -1 and F(OH) -1 . Generation-3 tourmaline is the most heterogeneous of the four generations, with the greatest ranges involving Al (6.67-7.42 apfu), Fe (0.64-0.91 apfu), Ca (0.03-0.31 apfu), Na (0.58-0.82 apfu), and F (0.50-0.69 apfu) (Figs. 5-8) . Comparable variability is developed in cal- (Figs. 7a, 8a) .
Generation 4
The fourth generation of tourmaline appears as a late fracture-filling unrelated to the earlier generations. This fracture filling cuts all previous generations of fibers as well as the host. Compositionally, generation-4 tourmaline is a lithian schorl with an average composition indistinguishable from that of generation-2 tourmaline (Table 2, Fig. 6 ). Relative to generation-3 tourmaline, the generation-4 tourmaline exhibits an increase in Fe, X Ⅺ and a decrease in F.
DISCUSSION
The complexity of the fiber zoning, the alternating periods of chemically distinct growth interrupted by periods of dissolution and the radical change in compositions between growth stages, are suggestive of opensystem behavior (e.g., Orlandi & Pezzotta 1996 , London 1999 . This pattern, coupled with the overall compositions of Cruzeiro tourmaline, is most consistent with tourmaline growth in a pegmatite pocket.
The punctuated optical and chemical progression of different generations of tourmaline marks distinct evolutionary periods in the chemical history of the cavity that hosted the tourmaline system. Tourmaline fibers appear to record changes in fluid composition in the local environment of the growing and dissolving tourmaline. Initially, the fibrous tourmaline nucleated and partially replaced the host tourmaline. This was followed by three periods of partial dissolution prior to new growth. Local dissolution of the fibers must represent periods when the existing tourmaline was no longer in equilibrium and became destabilized by the fluid, likely by a more alkaline fluid (e.g., London et al. 1996) or a fluid with different relative concentrations of ions (especially Na + ) (e.g., Dutrow et al. 1999 ). An influx, or multiple influxes, of new out-of-equilibrium fluids would drive dissolution. Alternatively, other mineral reactions in the pegmatite pocket, such as growth of albite, could change the local composition of the fluid, thus destabilizing pre-existing tourmaline. When fluids were saturated with components necessary for tourmaline precipitation, growth once again commenced. The growth of markedly different compositions suggests that a compositionally distinct fluid was associated with each stage of tourmaline growth. At least some of the boron required for new growth was likely provided by dissolution of the destabilized tourmaline.
The "oxy-elbaite" -rossmanite host is a relatively homogeneous Li-, F-, and Al-rich tourmaline, which reflects extensive fractionation typical of granitic pegmatite fluids in the late stages of crystallization (cf. London et al. 1996) . In general, this tourmaline must have been in equilibrium with an aqueous magmatic fluid that not only was enriched in Li and F, but also was deficient in Na and Fe. Federico et al. (1998) noted that the ubiquitous assemblage of muscovite and tourmaline indicates the peraluminous character of the early pegmatite-forming melts at the Cruzeiro mine. They considered the compositional variations of the tourmaline from the margin to the core to reflect a disequilibrium fractional crystallization process through liquid undercooling at decreasing temperature.
Development of the initial fibers of tourmaline (generation 1), now preserved only in the fiber interiors, followed a dramatic change in tourmaline composition that must reflect a complementary modification in the fluid phase, relative to the original magmatic fluids. Most likely these tourmaline-forming fluids were restricted to a pegmatite pocket where fluid influx could dramatically alter the equilibrium tourmaline composition. This generation of tourmaline shifts compositionally such that Fe and OH substantially increase at the expense of Al, Na, Li, F, and O, roughly in accordance with the exchange vectors Fe 2 (LiAl) -1 and OH(F) -1 . Remarkably small amounts of F in the foitite do not necessarily reflect low F in the fluid. Instead, they more likely are a function of crystal-chemical constraints involving significant X-site vacancies that preclude abundant F in the tourmaline structure (Robert et al. 1998 , Henry & Hawthorne 1999 . Compositionally distinct fluids derived from the evolving magma (cf. Aurisicchio et al. 1997 ) may have infiltrated during rupture of an isolated pegmatite pocket to cause the generation-1 fibers. There must have been an influx of reactive fluid richer in Fe and poorer in Na into the local region to alter the tourmaline composition. A decrease of Na in the fluid could be attained with the crystallization of albite in the pocket. An increase in Fe could be due to the breakdown of other Fe-bearing phases, although garnet and tourmaline are the only major Fe-bearing phases recorded in the pegmatite. This is the mechanism that Aurisicchio et al. (1997) proposed to explain the formation of late-generation fibrous foitite in Elba pegmatites. They noted that the biotite breaks down to form muscovite and clay minerals. However, in the case of the tourmaline fibers in this study, the fiber compositions continued to change following the formation of foitite, incorporating the complexity of a late fractionating fluid phase.
Successively later generations (1-3) of tourmaline display a discontinuous but progressive enrichment in Na, Li, F, and late Ca, implying that reacting fluids were successively enriched in these components during crystallization. Na enrichment could be due to the breakdown of albite coincident with other Na, Li-bearing phases (e.g., amblygonite). This increase is suggestive of fractionation and is analogous to the overall magmatic fractionation trend of the pegmatite. This finding also supports the idea that the fluid may have been isolated in the pocket during growth of generations 1-3, allowing fractionation to proceed. It is possible that local fractionation developed after initial pocket rupture and subsequent isolation until a later pocket rupture led to the development of generation-4 tourmaline.
Generation-4 Li-rich schorl likely records a period when the entire cavity fractured along with all of the preceding generations of tourmaline, and new fluid was introduced. This influx of fluid associated with a latestage episode of fracturing, after primary tourmaline crystallization had ceased, may correspond to the change from orthomagmatic to host-rock-controlled hydrothermal fluid. The commonly observed warping and fracturing of minerals throughout the pegmatite are likely related to this period (Cassedanne et al.1980) . Thus, at least two influxes of compositionally distinct fluids are required to explain the resulting compositional spectrum of the tourmaline at Cruzeiro, and as many as four influxes are possible.
Compositional changes in successive generations of fiber growth not only record the influences of the evolving fluids in the pegmatite, but also reflect crystalchemical constraints. Several of the constraints observed here have been previously elucidated on the basis of crystal-structure refinements and detailed chemical analyses (e.g., Hawthorne 1996 , Henry & Hawthorne 1999 . A particularly noteworthy feature of the chemical variations involving all generations of tourmaline is the roughly inverse relationship between F and X-site vacancies, i.e., F -X-site vacancy avoidance (Fig. 8b) . Thus X-site vacancies place crystal-chemical constraints on the extent of incorporation of F in the tourmaline structure, and X-site-vacant tourmalines such as foitite and rossmanite are unlikely to contain significant amounts F (cf. Robert et al. 1998 , Henry & Hawthorne 1999 . Such crystal-chemical influences should be considered when attempting to estimate F in the fluid phase from mineral chemistry.
In this study, we demonstrate that even a single fiber of tourmaline can record distinct and complex compositional changes that monitor evolving fluids associated with growth, and that infiltration of fluids far-from-equilibrium may be intermittently associated with pegmatite genesis. In addition, this dramatic record of compositional evolution in tourmaline fibers may mark the transition from magmatic to hydrothermal conditions in granitic pegmatites.
